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1 EP0 519 

Description 

This application is related to copending applications 
Serial No. 07/056,516, filed June 1, 1987, Serial No. 
07/001,806, filed September 24, 1987, Serial No. s 
07/714,417, filed 12 June 1991, (Atty. docket RD- 
20,713), Serial No. 07/716,444, filed 17 June 1991 (Atty. 
docket RD-20,756), and Serial No. 07/716,443, filed 17 
June 1991 (Atty. docket RD-20,769). 

This invention relates to a composite and method for 10 
forming the oomposite, comprised of coated silicon car- 
bide fibers in a matrix containing phases of silicon car- 
bide. 

U.S. Patent Nos. 4,120,731; 4,141,948; 4,148,894; 
4,220,455; 4,238,433; 4,240,835; 4,242,106; 4,247,304; 15 
4,353,953; 4,626.516; 4,889,686; and 4,944,904; 
assigned to the assignee hereof disclose silicon infiltra- 
tion of materials which include carbon, molybdenum, 
carbon-coated diamond and/or cubic boron nitride, and 
blends of carbon with silicon carbide, boron nitride, sili- 20 
con nitride, aluminum oxide, magnesium oxide and zir- 
conium oxide. 

EP-A-0359614 discloses a composite material 
incorporating a carbon fiber substrate embedded in a 
binding material, an outer silicon carbide layer for cover- 25 
ing the substrate and the binding material, an outer oxide 
coating selected from the group consisting of Th0 2 , 
Zr0 2 , Hf0 2 , La20 3 , Y2O3 and AI2O3 and covering the 
outer layer, and an intermediate coating of a compound 
substantially nonreactive with the silicon carbide layer 30 
and the oxide coating so as to serve as a reaction barrier 
therebetween. 

High temperature fiber reinforced composites have 
great potential for use in aircraft and gas turbines due to 
the high strength to weight ratio of such materials. Com- 35 
posites of carbon fiber reinforced carbon matrices have 
been used in aircraft construction, but poor oxidation 
resistance has limited use to low temperature applica- 
tions of 1 000°C or less. High strength carbon fibers have 
been infiltrated with molten silicon to provide a silicon 40 
matrix for protecting the carbon fiber reinforcements. 
However, the silicon infiltration converts the carbon fiber 
reinforcements into relatively weak, irregular columns of 
silicon carbide crystals resulting in composites with low 
toughness and relatively modest strength. 45 

As an alternative approach, attempts have been 
made to incorporate silicon carbide fibers in a silicon 
matrix by the process of silicon infiltration. Unfortunately, 
silicon carbide has a limited solubility in molten silicon, 
and leads to transport and recrystallization of silicon car- so 
bide causing the silicon carbide fibers to loose substan- 
tial strength. Also, silicon carbide forms a strong bond 
with silicon so the fiber bonds to the matrix resulting in 
brittle fracture of the composite. In ceramic composites, 
a relatively weak bond at the fiber-matrix interface is pre- 55 
ferred in order to achieve improved fracture toughness. 
Toughness is improved in fiber reinforced composites 
when the fiber reinforcement does not bond with the sur- 
rounding matrix, so that force applied to the matrix is 
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transferred from the matrix to the fiber substantially by 
friction. 

ft is an object of this invention to provide infiltration 
formed fiber reinforced composites having improved 
toughness and oxidation resistance. 

ft is another object of this invention to provide infil- 
tration formed fiber reinforced composites having protec- 
tive coatings for the fibers. 

ft is another object of this invention to provide a 
method of forming infiltration formed fiber reinforced 
composites having improved toughness and oxidation 
resistance. 

Brief Description of the Invention 

Composites having improved toughness are com- 
prised of reinforcement fibers having a continuous coat- 
ing of a metal carbide wherein the metal is from the group 
consisting of titanium, hafnium, zirconium, tantalum, and 
mixtures thereof, and a molten silicon infiltration formed 
silicon carbide matrix. The reinforcement fibers are from 
the group consisting of elemental carbon, silicon carbide, 
and mixtures thereof. The metal carbide coating protects 
the reinforcement fibers during infiltration forming of the 
matrix so that the fiber has a desirable debonding from 
the matrix. The metal nitride coating also reduces reac- 
tion between the matrix and fibers during high tempera- 
ture service. 

A process for producing tough f foer reinforced com- 
posites having fibers from the group consisting of ele- 
mental carbon, silicon carbide, and mixtures thereof, 
comprises depositing a continuous metal carbide coat- 
ing wherein the metal is from the group consisting of tita- 
nium, hafnium, zirconium, tantalum, and mixtures 
thereof on the fibers. The coated fibers are admixed with 
a carbonaceous material to form a mixture having at 
least 5 volume percent of the fibers. The mixture is 
formed into a preform having an open porosity ranging 
from about 25 percent by volume to about 90 percent by 
volume of the perform. The preform is heated in an inert 
atmosphere or partial vacuum, and infiltrated with molten 
silicon to produce an infiltrated product having the com- 
position of the composite. 

Detailed Description of the Invention 

As used herein, the terms liber or fibers" include 
ftoers, filaments, whiskers, tows, cloth, and combinations 
thereof. The fibers to be coated with metal carbide are 
selected from the group consisting of elemental carbon, 
silicon carbide and combinations thereof. 

Reference herein to a fiber of silicon carbide 
includes presently available single crystal or polycrystal- 
line fibers, or wherein silicon carbide envelops a core, 
and which generally are produced by chemical vapor 
deposition of silicon carbide on a core such as. for exam- 
ple, elemental carbon or tungsten. There are processes 
known in the art which use organic precursers to produce 
silicon carbide containing fibers which may introduce a 
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wide variety of elements into the fibers. Examples of 
known silicon carbide fibers are Nicalon silicon carbide 
fibers. Nippon Carbon, Japan, HPZ and MPDZ silicon 
carbide fibers, Dow Corning, and fibers having the trade 
name SCS-6, or SCS-0 produced by Textron, Mass. 
Additional information about silicon carbide fibers can be 
found in "Boron and Silicon Carbide Fibers," T. Schoen- 
berg, ENGINEERED MATERIALS HANDBOOK Volume 
1 COMPOSITES. ASM International, 1987, pp 58-59, 
incorporated herein by reference. 

Reference herein to fibers of carbon include amor- 
phous, single crystalline or polycrystalline carbon fibers 
such as derived from the pyrolysis of rayon, polyacrylo- 
nitrile or pitch. The fibers to be coated with metal carbide 
are stable at the infiltration temperature used in the proc- 
ess. Preferably, the fibers have at room temperature, i.e. 
about 22°C, in air a minimum tensile strength of about 
690 MPa (100,000 psi) and a minimum tensile modulus 
of about 172500 MPa (25 million psi). Additional infor- 
mation about carbon fibers can be found in, "CARBON 
FIBERS," J.B. Donnet, O.R Dahl, ENCYCLOPEDIA OF 
PHYSICAL SCIENCE AND TECHNOLOGY. Vol. 2, 
1987, pp. 515-527, incorporated herein by reference. 

The fibers can be used as a continuous filament, or 
as discontinuous f ibers, which frequently have an aspect 
ratio of at least 10, and in one embodiment it is higher 
than 50. and yet in another embodiment it is higher than 
1 000. The fibers are admixed with a carbonaceous mate- 
rial. Low aspect ratio fibers are preferred in a random 
mixture of the fibers and carbonaceous material, since 
the low aspect ratio fibers pack better and produce high 
density preforms. On the other hand, in an ordered array 
of fibers, high aspect ratio fibers are preferred since they 
produce composites with the highest density of rein- 
forcement and the best mechanical properties. Gener- 
ally, the fibers range from about 0.3 \im (micron) to about 
150 urn (microns) in diameter, and from about 10 jim 
(microns) to about 10 centimeters in length or longer. 
Frequently, the fiber is continuous and as long as 
desired. 

Continuous fibers can be filament-wound to form a 
cylindrical tube, or formed into sheets by placing long 
lengths of fiber next to and parallel to one another. Such 
sheets can consist of single or multiple layers of fila- 
ments. Continuous filaments can also be woven, 
braided, or otherwise arrayed into desired configura- 
tions. When f foers are continuous or very long the use 
of the term "aspect ratio" is no longer useful. 

The metal carbide coating can be deposited by 
methods well known in the art that deposit a continuous 
coating without damaging the fiber. Coating processes 
such as chemical vapor deposition, or physical vapor 
deposition processes such as sputtering are suitable. A 
continuous coating is deposited covering the entire sur- 
face of the reinforcement phase fibers, the ends of the 
fiber may be exposed but such exposure is not consid- 
ered significant. Preferably, the metal carbide coating is 
uniform and smooth to minimize mechanical interlocking 
between the coating and matrix. Additional information 
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about such coating processes can be found , for example 
in, "Metallic & Ceramic Coatings: Production, High Tem- 
perature Properties & Applications." M.G. Hocking, V. 
Vasantasree. PS. Sidky, Longman Scientific & Technical. 

5 Essex England, 1989. 

Generally, the chemical vapor deposition of metal 
carbide is carried out at temperatures ranging from about 
900°C to 1800°C in a partial vacuum with the particular 
processing conditions being known in the art or determi- 
ne nable empirically. 

The metal carbide coating is at least sufficiently thick 
to be continuous and free of significant porosity. Coating 
thickness can range from about 0. 1 \im (micron) to about 
5 jim (microns), and typically it is about 1 .5 jim (microns) 

is for f foers about 1 00 to 200 urn (microns) in diameter. The 
particular thickness of the coating is determinable empir- 
ically, i.e. it should be sufficient to prevent reaction, or 
prevent significant reaction, between the fibers and the 
infiltrating silicon under the particular processing condi- 

20 tions used. During the infiltration process, the metal car- 
bide coating may or may not react with or dissolve in the 
molten silicon depending on time and temperature, i.e.. 
the metal carbide coating will survive better at lower tem- 
peratures and for shorter times of infiltration. Generally, 

25 silicon infiltration time increases with the size of the pre- 
form. Therefore, larger-sized preforms may require 
thicker metal carbide coatings. 

A number of techniques can be used to determine 
if the metal carbide coating survived. For example, if the 

30 composite exhibits fiber pull-out on fracture, then the 
metal carbide coating has survived. Also, scanning elec- 
tron microscopy of a cross-section of the composite can 
detect a metal carbide coating on the fiber. 

Optionally, metal carbide-coated fibers can be 

35 coated with a continuous coating of a second layer from 
the group consisting of carbon, metal that reacts with sil- 
icon to form a silicide. metal nitride, metal silicide, metal 
carbide, and metal diboride, on the metal carbide coat- 
ing. In addition, non-carbonaceous second layers can be 

40 coated with a third layer of carbon to promote wetting 
with the molten silicon infiltrant. Elemental carbon can 
be deposited on the metal carbide-coating by known 
methods, for example, in the form of pyrolytic carbon. 
The metal carbide is a carbide of silicon, tantalum, tita- 

45 nium or tungsten, the metal silicide is a silicide of chro- 
mium, molybdenum, tantalum, titanium, tungsten or 
zirconium, the metal nitride is a nitride of silicon, alumi- 
num, titanium, zirconium, hafnium, niobium, tantalum, or 
boron, and the metal diboride is a diboride of titanium, 

so zirconium, hafnium, or aluminum. 

The metal reacting with silicon to form a silicide, and 
the silicide, must have melting points higher than the 
melting point of silicon and preferably higher than about 
1450°C. Generally, the metal and silicide thereof are 

55 solid in the infiltration process. Representative of such 
metals is chromium, molybdenum, tantalum, titanium 
and tungsten. 

The second layer should be free of significant poros- 
ity and preferably is pore-free. Preferably, the second 
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layer is uniform and smooth. Generally, the thickness of 
the second layer ranges from about 0.05 \im (500 Ang- 
stroms) to about 3 jim (microns), and typically it is about 
0.5 \im (microns). The particular thickness of the second 
layer is determinable empirically and depends largely on 
the rate of consumption of the second layer, H any, and 
the particular composite desired. 

The second layer is a solid which covers the metal 
carbide and adheres sufficiently to form a coating ther- 
eon. Throughout the infiltration process the second layer 
remains a solid. The second layer can promote contact 
or wetting to improve the infiltration by capillarity, provide 
a desirable debonding with the matrix, protect the metal 
carbide coating from the molten silicon infiltrant, or 
reduce reaction between the matrix and the fiber during 
high temperature service. 

Known techniques can be used to deposit the sec- 
ond layer, for example, the second layer can be depos- 
ited by chemical vapor deposition using low pressure 
techniques, or physical vapor deposition techniques 
such as sputtering. For example, the metal carbide or 
metal silicide coating can be directly deposited from the 
vapor thereof. Alternatively, the metal carbide coating 
can be formed in situ by initially depositing carbon fol- 
lowed by depositing metal thereon under conditions 
which form the metal carbide. If desired, a metal silicide 
coating can be produced by initially depositing the metal 
followed by deposition of silicon under conditions which 
form the metal silicide. 

A carbonaceous material is admixed with or depos- 
ited on the coated fibers to produce a mixture that is 
formed into a preform. The carbonaceous material is at 
least comprised of material which is wetted by molten 
silicon. The carbonaceous material as well as any reac- 
tion product thereof produced in the infiltration process 
should not flow to any significant extent and preferably 
is solid in the infiltration process. The particular compo- 
sition of the carbonaceous material is determinable 
empirically and depends on the particular composite 
desired, i.e. the particular properties desired in the com- 
posite. However, the carbonaceous material contains 
sufficient elemental carbon to react with the infiltrating 
silicon to produce the composite containing silicon car- 
bide formed in situ in an amount of at least about 5% by 
volume of the composite. Generally, elemental carbon 
ranges from about 5% by volume, or from 10% or 20% 
by volume, to about 100% by volume, of the carbona- 
ceous material. 

As used herein, the term elemental carbon includes 
particles, flakes, whiskers, or fibers of amorphous, single 
crystal, or polycrystalline carbon, graphite, carbonized 
plant fibers, lamp black, finely divided coal, charcoal, and 
carbonized polymer fibers or felt such as rayon, polyacry- 
lonitrile, and polyacetylene. 

The carbonaceous material can be in the form of a 
carbon vapor infiltration formed coating, a powder, a 
fibrous material or a combination thereof. When the car- 
bonaceous material is in the form of a powder, it prefer- 
ably has an average particle size of less than about 50 
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|im (microns), preferably, the carbon particles have a 
particle size of about 1 to 15 jim (microns), and most 
preferably, have a particle size of about 1 to 5 urn 
(microns). The carbon powder serves as a source of car- 

5 bon to react with the infiltrant and form silicon carbide, 
and as a binder to maintain the shape and integrity of the 
preform. However, an excessive volume fraction of car- 
bon powder particles can cause swelling and cracking of 
the infiltrated composite. The carbon powder particles 

10 can have a density of about 1 .2 to 2.2 grams per milliliter. 
Preferably, thecarbon powder particles are a low density 
amorphous carbon having a density of about 1 .2 to 1 .6 
grams per milliliter. A suitable carbon powder is a Dyion 
aqueous graphite powder suspension, Dylon Industries, 

75 Inc., Ohio. Other sources for carbon powder are Johnson 
Matthey, Ma., and Great Lakes Carbon, N.Y The amount 
and type of carbonaceous material depends largely on 
the particular composite desired and is determinable 
empirically. 

20 Preferably, the preform contains some fibrous car- 
bon in the form of chopped fibers or whiskers. The whisk- 
ers promote infiltration by wicking molten silicon into the 
preform and are a source of carbon for reacting with the 
infiltrant to form silicon carbide. Long whisker lengths are 

25 desirable to achieve good wicking, while short whisker 
lengths result in better packing and less porosity to fill in 
the preform. The whiskers also provide strength to the 
preform. Chopped fibers or whiskers can be described 
by the aspect ratio of the fiber, fiber length to diameter. 

30 Preferably, the whiskers have an average aspect ratio 
that promotes wicking, and packs with the other compo- 
nents in the preform to provide the desired porosity in 
the preform. Preferably, the whiskers have an average 
diameter that allows complete reaction with the molten 

35 silicon. For example, a suitable whisker has an aspect 
ratio of about 5 to 50, and a fiber diameter of about 0.5 
to 25 iim (microns). Most preferably, the aspect ratio is 
about 5 to 1 5 and the whisker diameter is about 3 to 1 0 
\Lm (microns). The whiskers can be graphitic, or prefer- 

40 ably, amorphous. The whiskers have a density of about 
1 .2 to 2.2 grams per milliliter, preferably, about 1 .2 to 1 .6 
grams per milliliter. Low density furnace insulation type 
WDF carbon felt, available from Union Carbide, can be 
crushed and abraded against a wire mesh screen, for 

45 example about 400 urn (40 mesh), to form suitable 
whiskers. Low density carbon fiber can be formed by car- 
bonizing naturally occurring cellulose fibers, including 
cotton, chitosan, and bamboo, and chopped or crushed 
to form the whiskers. 

so The carbonaceous material also may include a 
metal which reacts with elemental silicon to form a sili- 
cide. Representative of such a metal is molybdenum, 
chromium, tantalum, titanium, tungsten and zirconium. 
The metal may comprise up to about 25% by volume of 

55 the carbonaceous material, and preferably about 5% by 
volume. 

The carbonaceous material may also include a 
ceramic material, in an amount up to about 50 percent 
by volume of the carbonaceous material. The ceramic 
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material may or may not react with silicon, and is a 
ceramic such as a ceramic carbide, a ceramic nitride or 
a ceramic silicide. The ceramic carbide is selected from 
the group consisting of boron carbide, molybdenum car- 
bide, niobium carbide, silicon carbide and titanium car- 
bide. The ceramic nitride is selected from the group 
consisting of aluminum nitride, niobium nitride, silicon 
nitride, titanium nitride and zirconium nitride. The 
ceramic silicide is selected from the group consisting of 
chromium silicide, molybdenum silicide, tantalum sili- 
cide, titanium silicide, tungsten silicide and zirconium sil- 
icide. 

The carbonaceous material is admixed with the 
coated fibers in a manner that minimizes damage to the 
fiber coating of metal carbide, and if present, minimizes 
damage to the second layer of coating on the fiber. Mix- 
ing can be carried out in a known and conventional man- 
ner, in one embodiment, a slurry of the carbonaceous 
material can be cast in a mold containing the coated fib- 
ers to form a mixture. The slurry can be an organic slurry 
containing known bonding means, such as for example 
epoxy resin, to aid in forming the preform. 

The mixture can be formed or shaped into a preform 
or compact by a number of known techniques. For exam- 
ple, it can be extruded, injection molded, die-pressed, 
isostatically pressed or slap cast to produce the preform 
of desired size and shape. Preferably, the preform is of 
the size and shape desired of the composite. Generally, 
there is no significant difference in dimension between 
the preform and the resulting composite. Any lubricants, 
binders, or similar materials used in shaping the mixture 
are of the type which decompose on heating at temper- 
atures below the infiltration temperature, preferably 
below 500°C, without leaving a residue that degrades the 
infiltration or mechanical properties of the resulting com- 
posite. It should be understood a suitable binder may 
leave a porous carbon deposit that does not degrade the 
infiltration or mechanical properties of the resulting com- 
posite. 

The preform has, an open porosity ranging from 
about 25% by volume to about 90% by volume of the 
preform, and the particular amount of such open porosity 
depends largely on the particular composite desired. 
Frequently, the preform has an open porosity ranging 
from about 30% by volume to about 80% by volume, or 
from about 40% by volume to about 60% by volume, of 
the preform. By open porosity of the preform, it is meant 
herein pores, voids or channels which are open to the 
surface of the preform thereby making the interior sur- 
faces accessible to the ambient atmosphere or the inf il- 
trant. Preferably, the preform has no closed porosity. By 
closed porosity it is meant herein closed pores or voids, 
i.e. pores not open to the surface of the preform and 
therefore not in contact with the ambient atmosphere. 
Void or pore content, i.e. both open and closed porosity, 
can be determined by standard physical and metallo- 
graphic techniques. 

Preferably, the pores in the preform are small, rang- 
ing from about 0. 1 jim (micron) to about 50 jim (microns), 
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and are distributed uniformly through the preform 
thereby enabling the production of a composite wherein 
the matrix phase is uniformly distributed through the 
composite. 

s The preform is contacted with silicon-associated 
infiltrating means whereby silicon is infiltrated into the 
preform to form an infiltration formed silicon carbide 
matrix. The infiltrating means allow silicon to be infiltrated 
into the preform. For example, a structure or assembly 

1 o is formed comprised of the preform in contact with means 
that are in contact with silicon and which permit infiltra- 
tion of molten silicon into the preform. In one infiltration 
technique, the preform is placed on a woven cloth of ele- 
mental carbon, a piece of silicon is also placed on the 

is cloth, and the resulting structure is heated to infiltration 
temperature. At infiltration temperature, the molten sili- 
con migrates along the cloth and wicks into the preform. 
After infiltration, the wicking carbon cloth may be 
removed from the composite by diamond grinding. 

20 In another technique, the silicon infiltration proce- 
dure can be carried out as set forth in U.S. Patent 
4,626,516, which discloses an assembly that includes a 
mold with infiltration holes and a reservoir holding ele- 
mental silicon. The preform is placed within the mold and 

25 carbon wicks are provided in the infiltrating holes. The 
wicks are in contact with the preform and also with the 
silicon and at infiltration temperature the molten silicon 
migrates along the wicks into the preform. 

U.S. Patent 4,737,328 discloses another infiltration 

30 technique which comprises contacting the preform with 
a powder mixture composed of silicon and hexagonal 
boron carbide, heating the resulting structure to a tem- 
perature at which the silicon is fluid and infiltrating the 
fluid silicon into the preform. After infiltration, the resurt- 

35 ing porous hexagonal boron carbide powder is brushed 
off the composite. 

Preforms having a simple square or rectangular 
shape can be infiltrated by placing silicon directly on the 
preform, and heating to a temperature at which the sili- 

40 con is fluid. The molten silicon wicks into and infiltrates 
the preform. 

The preform and infiltration structure or assembly 
are heated to the infiltration temperature in an inert 
atmosphere or partial vacuum. Suitable inert atmos- 

45 pheres include argon, or reducing atmospheres such as 
hydrogen or carbon monoxide. Atmospheres that react 
with molten silicon, such as oxygen or nitrogen, are 
avoided. The remaining atmosphere of the partial vac- 
uum should be inert, such as argon, or reducing such as 

so carbon monoxide. Preferably, the partial vacuum is pro- 
vided before heating is initiated. The partial vacuum is at 
least sufficient to avoid the entrapment of pockets of gas, 
and minimizes porosity in the infiltration formed compos- 
ite. Generally, such a partial vacuum ranges from about 

55 1 .33 Pa (0.01 torr) to about 266.6 Pa (2 torr), and usually 
from about 1.33 Pa (0.01 torr) to about 133.3 Pa (1 torr) 
to remove gas evolving in the preform being infiltrated. 

Preferably, the furnace used is a carbon furnace, i.e. , 
a furnace constructed essentially from elemental car- 
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bon. Such a furnace reacts with oxygen in the furnace 
atmosphere to produce CO or CO2 and thereby provides 
a nonoxidizing atmosphere so that reaction between the 
residual gas, preform, and inf iltrant is minimized. Infiltra- 
tion cannot be carried out in air because the liquid silicon 5 
would oxidize to form a dense silica coating before any 
significant infusion by silicon occurred. When a carbon 
furnace is not used, it is preferable to have a material 
that reacts with oxygen, such as elemental carbon, 
present in the furnace chamber in order to provide a non- 10 
oxidizing atmosphere. Alternatively, other nonoxidizing 
atmospheres inert to the infiltration process can be used 
at partial vacuums of about 1 .33 Pa (1 0" 2 torr) to 266.6 
Pa (2 torr). 

Infiltration is performed at a temperature where sili- is 
con is molten, but below the temperature where the sili- 
con infiltrant begins to damage the fibers or metal 
carbide coating on the fibers. Molten silicon has a low 
viscosity. The melting point of the silicon can vary 
depending largely on the particular impurities which may 20 
be present. The infiltration temperature ranges from 
about 1400°C to about 1550°C, and preferably from 
about 1425°C to about 1450°C. The rate of penetration 
of the silicon into the preform depends on the wetting of 
the preform by the silicon melt, and the fluidity of the melt. 25 
As the infiltration temperature increases, the ability of the 
molten silicon to wet the preform improves. 

Sufficient silicon is infiltrated into the preform to react 
with the preform and produce the infiltration formed sili- 
con carbide matrix. Specifically, the molten silicon is 30 
mobile and highly reactive with elemental carbon, i.e. it 
has an affinity for elemental carbon, wetting it and react- 
ing with it to form silicon carbide. The molten silicon also 
has an affinity for the metals with which it reacts to form 
silicides. In addition, sufficient silicon is infiltrated into the 35 
preform to fill pores or voids which may remain in the 
composite. 

The preform can be infiltrated with substantially pure 
silicon, or molten silicon comprised of the metal in the 
coating on the fiber up to an amount that does not 40 
degrade the infiltration or mechanical properties of the 
resulting composite. As used herein, the term "molten 
silicon" means essentially elemental silicon and up to 
about 10 atomic percent, preferably up to 5 atomic per- 
cent, and most preferably up to 1 atomic percent of the 45 
metal in the coating on the fiber, i.e., titanium, zirconium, 
hafnium, aluminum, niobium, tantalum, boron, molybde- 
num, or tungsten. Infiltration with molten silicon com- 
prised of the metal in the coating on the fiber reduces or 
minimizes reaction between the infiltrating molten silicon so 
and the fiber coating. 

The period of time required for infiltration by the sil- 
icon is determinable empirically and depends largely on 
the size of the preform and extent of infiltration required. 
Generally, it is completed in less than about 20 minutes, ss 
and often in less than about 10 minutes. 

The resulting infiltrated body is cooled in an atmos- 
phere and at a rate which minimizes oxidation, cracking, 
or other defect formation within the body. Preferably it is 
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furnace cooled in the inert atmosphere or partial vacuum 
to about room temperature, and the resulting composite 
is recovered. 

The infiltration formed composite has a porosity of 
less than about 20% by volume, preferably less than 
about 10% or 5% by volume, and more preferably less 
than about 1% by volume, of the composite. Most pref- 
erably, the composite is void or pore-free or has no sig- 
nificant or no detectable porosity. Preferably, any voids 
or pores in the composite are small, preferably less than 
about 50 11m (microns) or less than about 10 jim 
(microns), and are substantially uniformly distributed in 
the composite. Specifically, any voids or pores are uni- 
formly distributed throughout the composite so that they 
have minimal effect on the mechanical properties of the 
composite. 

The composite of this invention is comprised of 
metal carbide-coated fibers and a molten silicon infiltra- 
tion formed silicon carbide matrix. The matrix is distrib- 
uted through the metal carbide-coated fibers so that the 
matrix is spacefilling and interconnecting. Preferably, the 
metal carbide-coated fibers are totally enveloped by the 
matrix. Preferably the fibers comprise at least about 5% 
by volume, or at least about 10% by volume of the com- 
posite. Preferably the matrix contains a silicon carbide 
phase formed in situ in an amount of about 5% to 90% 
by volume, or about 10% to 80% by volume, or about 
30% to 60% by volume, or about 45% to 55% by volume, 
of the composite. The matrix may contain an elemental 
silicon phase in an amount of about 1 to 30% by volume 
of the composite. The silicon carbide phase is distributed 
throughout the composite, and preferably, it is distributed 
uniformly. 

In one embodiment, the elemental silicon phase in 
the matrix is free of titanium, zirconium, hafnium, alumi- 
num, niobium, tantalum, boron, molybdenum, or tung- 
sten. In another embodiment, the molten silicon has an 
element from the group titanium, zirconium, hafnium, 
aluminum, niobium, tantalum, boron, molybdenum, and 
tungsten dissolved therein ranging from a detectable 
amount up to about 10 atomic percent, preferably up to 
5 atomic percent, and most preferably up to 1 atomic per- 
cent of the elemental silicon phase. More sensitive tech- 
niques such as microprobe analysis or Auger electron 
spectroscopy may be required to detect or determine the 
amount of titanium, zirconium, hafnium, aluminum, nio- 
bium, tantalum, boron, molybdenum, or tungsten dis- 
solved in the silicon phase. 

The infiltration formed matrix may contain a phase 
of a metal silicide of molybdenum, chromium, tantalum, 
titanium, tungsten, or zirconium up to about 30 percent 
by volume of the composite. The metal silicide is distrib- 
uted throughout the composite, and preferably, it is dis- 
tributed uniformly. 

The infiltration formed matrix may contain a phase 
of a metal which forms a silicide but which had not 
reacted with the infiltrating silicon. In such instance, it 
would be encapsulated by a metal silicide phase. Such 
metal can range from about 0.5% by volume to about 5% 
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by volume, of the composite. The metal is distributed 
throughout the composite, and preferably, it is distributed 
uniformly. 

The composite may contain a phase of a ceramic 
material from the group of ceramic carbide, ceramic 
nitride, or ceramic silicide discussed above. The ceramic 
material may comprise up to about 50% by volume, or 
from about 1% by volume to about 30% by volume, of 
the composite. The ceramic material is distributed 
throughout the composite, and preferably, it is distributed 
uniformly. 

The infiltration formed silicon carbide matrix of the 
composite may contain a phase of elemental carbon 
which has a significant amount of graphitic structure, i.e. 
a less reactive type of carbon, which had not completely 
reacted with the infiltrating silicon. In such instance, this 
type of carbon would be totally encapsulated by a phase 
of silicon carbide formed in situ. Such graphitic structure- 
containing elemental carbon generally can range from 
about 0.5% by volume to about 10% by volume, or from 
about 1 % by volume to about 5% by vol ume, of the com- 
posite. The graphitic structure-containing elemental car- 
bon is distributed throughout the composite, and 
preferably, it is distributed uniformly. 

The composite is at least bonded by silicon carbide 
formed in situ. It may also be bonded by a metal silicide 
which formed in situ. It may also be bonded by elemental 
silicon or a bond formed in situ between silicon and a 
ceramic material. 

The coated fibers in the composite are coated with 
metal carbide that is detectable by scanning electron 
microscopy, and can range in thickness from such 
detectable amount to about 5 y.m (microns), frequently 
from about 0.5 (im (microns) to about 1 .5 urn (microns). 
The coating may be comprised of a second layer from 
the group consisting of metal nitride, metal silicide, metal 
carbide, and metal diboride, on the metal carbide coat- 
ing. When a second layer of carbon or metal that reacts 
with silicon to form a silicide is deposited on the fibers, 
the second layer reacts with the molten silicon inf iltrant 
and becomes part of the matrix. The particular amount 
of metal carbide in the composite provided by the metal 
carbide coating depends largely on the amount of coated 
fibers present, the thickness of the metal carbide coating, 
and the diameter of the fiber. Therefore, the volume frac- 
tion of metal carbide provided by the coating is the bal- 
ance of the volume fraction of all other components of 
the composite. However, in one embodiment, the metal 
carbide coating on the fibers in the composite ranges 
from less than about 1 % by volume to about 30% by vol- 
ume, or from about 1% by volume to about 10% by vol- 
ume, of the total volume of metal carbide-coated fibers. 
In another embodiment, the metal carbide coating on the 
fibers ranges from less than 1% by volume to about 20% 
by volume, or from about 1% by volume to about 5% by 
volume, of the composite. 

The fiber component of the metal carbide<oated fib- 
ers preferably ranges from about 5% by volume to less 
than about 75% by volume, or from about 1 0% by volume 



to about 70% by volume, or from about 1 5% by volume 
to less than about 65% by volume, or from about 30% by 
volume to about 60% by volume, of the composite. The 
metal carbide-coated fiber is distributed throughout the 

5 composite, and most often, it is distributed uniformly 
throughout the composite. However, in some cases it is 
desirable to have higher packing fractions of the metal 
carbide-coated fibers in regions of the composite where 
higher local strength or stiffness may be desired. For 

10 example, in a structure having a long thin part, such as 
a valve stem, it is advantageous to strengthen the stem 
by increasing the volume fraction of the metal carbide- 
coated f foers in the stem region of the structure. 

The metal carbide-coated fibers in the composite 

is impart significant toughness to the composite. Specifi- 
cally, the metal carbide-coated fibers minimize brittle 
fracture of the composite at room temperature, i.e. 25°C. 
By brittle fracture of a composite it is meant herein that 
the entire composite cracks apart at the plane of fracture. 

20 In contrast to a brittle fracture, the composite exhibits 
fiber pull-out on fracture at room temperature because 
the fiber coating provides a desirable debonding of the 
fiber from the matrix. Specifically, as the composite 
cracks open, generally at least about 10% by volume, 

25 frequently at least about 50% by volume and preferably 
all of the metal carbide-coated fibers do not break at the 
plane of fracture, but instead pull out of the matrix. In this 
way, a stress transmitted through the composite by a 
crack in the matrix is distributed along the length of fibers 

30 in the path of the crack. Distribution of stress along the 
length of the fibers greatly diminishes the stress at the 
crack tip and reduces propagation of the crack through 
the matrix. 

One particular advantage of this invention is that the 

35 composite can be produced directly in a wide range of 
sizes and shapes which heretofore may not have been 
possible to manufacture or which may have required 
machining operations. For example, the composite can 
be as short as about an inch or less, or as long as 

40 desired. It can be of simple, complex, or hollow geometry. 
For example, it can be produced in the form of a tube or 
a hollow cylinder, a ring, a sphere, or a bar having a sharp 
point at one end. Since the composite can be produced 
in a predetermined configuration of predetermined 

45 dimensions, it requires little or no machining. 

The composite has a wide range of applications 
depending largely on its particular composition. It can be 
used, for example, as a wear resistant part, bearing or 
tool insert, acoustical part, or high-temperature struc- 

50 tural component. 

The invention is further illustrated by the following 
example where, unless otherwise stated, the following 
materials and equipment are used. The preform binder 
is comprised of "Epon 828" which contains a curing 

55 agent. "Epon 828" is a resin formed from the reaction of 
epichlorohydrin and Bisphenol A, which is a liquid at 
room temperature and which has an epoxide equivalent 
of 185-192. Epon 828 decomposes completely below 
1300°C. The curing agent is diethylenetriamine, a liquid 
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commonly called DTA which cures Epon 828 thereby 
solidifying it. The carbon resistance furnace used to form 
the composite is contained in a vacuum belljar system. 

Example 1 

A hafnium carbide coating of about 2 jim (microns) 
is deposited by chemical vapor deposition on 140 jim 
(micron) diameter silicon carbide fibers, trade name 
SCS-0, obtained from Textron, Mass. A slurry is pre- 
pared by hand-stirring, by weight, 1 1 parts carbon pow- 
der, 1 7 parts of a solution comprised of epoxy resin and 
xylene in a one to one ratio, and 0.88 parts DTA catalyst. 
The coated fibers are laid in a vacuum-casting mold and 
the slurry is poured over and around the fibers. Liquid in 
the mold is removed by applying a vacuum of about 13.3 
kPa (1 00 torr) to one end of the mold. The remaining pre- 
form with the coated silicon carbide ffoers embedded 
therein, is dried under an infrared lamp for 24 hours to 
cure the epoxy. 

The dried preform is transferred to a vacuum furnace 
and set on a piece of carbon cloth. An amount of silicon, 
three times the weight of the carbon in the preform and 
the carbon cloth, are placed on the carbon cloth so that 
the silicon is not in direct contact with the preform. The 
preform is heated at about 2°C per minute to 500°C to 
pyrolize the epoxy, and heated at about 10°C per minute 
to 1425°C. The temperature is maintained at 1425°C for 
15 minutes allowing the silicon to melt and infiltrate the 
preform. The infiltrated preform is furnace cooled. 

Claims 

1 . A composite comprised of reinforcement fibers hav- 
ing a continuous coating of a metal carbide wherein 
the metal is from the group consisting of titanium, 
hafnium, zirconium, tantalum, and mixtures thereof, 
and a molten silicon infiltration formed silicon car- 
bide matrix, the reinforcement fibers being fibers 
from the group consisting of elemental carbon, sili- 
con carbide, and mixtures thereof. 

2. The composite of claim 1 wherein the coating has a 
second layer from the group consisting of metal 
nitride, metal silicide, metal carbide, and metal dibo- 
ride, on the metal carbide coating. 

3. The composite of claim 2 wherein the coating has a 
third layer of carbon. 

4. A method for producing a fiber reinforced composite 
having fibers from the group consisting of elemental 
carbon, silicon carbide, and mixtures thereof, com- 
prising: depositing a continuous metal carbide coat- 
ing wherein the metal is from the group consisting 
of titanium, hafnium, zirconium, tantalum, and mix- 
tures thereof, on the fibers; 

admixing a carbonaceous material with the 
coated fibers so that at least 5 volume percent of the 
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mixture is the coated fibers; 

forming the mixture into a preform having an 
open porosity ranging from about 25 volume percent 
to about 90 volume percent of the preform; 
5 heating the preform in an inert atmosphere or 

partial vacuum; and 

infiltrating the heated preform with molten sil- 
icon, to produce an infiltrated product having the 
composition of the composite. 

10 

5. The method of claim 4 wherein the step of depositing 
further comprises depositing a second layer from the 
group consisting of carbon, metal that reacts with sil- 
icon to form a silicide, metal nitride, metal silicide. 

75 metal carbide, and metal diboride, on the metal car- 
bide coating. 

6. The method of claim 5 wherein the step of depositing 
further comprises depositing a third layer of carbon 

20 on the coated fibers. 

Patentanspruche 

1. Verbundwerkstoff, zusammengesetzt aus Verstar- 
25 kungsfasern, die einen zusam-menhangenden 
Uberzug aus einem Metallcarbid aufweisen, worin 
das Metall aus der Gruppe bestehend aus Titan, 
Hafnium, Zirkonium, Tantal und deren Mischungen 
ist, und einer durch Infiltration von geschmolzenem 
30 Silicium gebiideten Siliciumcarbtd-Matrix, wobei die 
Verstarkungsfasern Fasern aus der Gruppe beste- 
hend aus elementarem Kohlenstoff, Siliciumcarbid 
und deren Mischungen sind. 

35 2. Verbundwerkstoff nach Anspruch 1 , worin der Uber- 
zug eine zweit Schicht aus der Gruppe bestehend 
aus Metallnitrid, Metallsilicid, Metallcarbid und 
Metalldiborid auf dem Metallcarbid-Uberzug auf- 
weist. 

40 

3. Verbundwerkstoff nach Anspruch 2, worin der Uber- 
zug eine dritte Schicht aus Kohlenstoff aufweist. 

4. Verfahren zum Herstellen eines faserverstarkten 
45 Verbundwerkstoffes mit Fasern aus der Gruppe 

bestehend aus elementarem Kohlenstoff, Silicium- 
carbid und deren Mischungen, urrrfassend: 

Abscheiden eines zusammenhangenden 
Uberzuges aus Metallcarbid, worin das Me-tall aus 
so der Gruppe bestehend aus Titan, Hafnium, Zirko- 
nium, Tantal und deren Mischun-gen ist, auf den 
Fasern; 

Vermischen eines kohlenstoffhartigen Mate- 
rials mit den uberzogenen Fasern, so daB die uber- 
55 zogenen Fasern mindestens 5 Vol.-% der Mischung 
ausmachen; 

Formen der Mischung zu einer Vorform mit 
einer offenen Porositat im Bereich von etwa 25 Vol.- 
% bis etwa 90 Voi.-% der Vorform; 
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Erhitzen der Vorform in einer inerten Atmo- 
sphere Oder einem Teilvakuum und 

Infiltrieren der erhitzten Vorform mit 
geschmolzenem Silicium, urn ein irrfiltriertes Pro- 
dukt herzustellen, das die Zusammensetzung des 5 
Verbundwerkstoffes aufweist. 

5. Verfahren nach Anspruch 4, worin die Stufe des 
Abscheidens weiter das Abscheiden einer zweiten 
Schicht aus der Gruppe bestehend aus Kohlenstoff, 10 
mit Silicium unter Bildung eines Silicids reagieren- 5. 
dem Metall. Metallnitrid, Metallsilicid, Metallcarbid 

und Metalldiborid. auf dem Metallcarbid-Clberzug 
umfaBt. 

15 

6. Verfahren nach Anspruch 5, worin die Stufe des 
Abscheidens weiter das Abscheiden einer drrtten 
Schicht aus Kohlenstoff auf den Oberzogenen 
Fasern umfaBt. 

20 6. 

Revendlcations 

1 . Composite contenant des fibres de renfort avec un 
rev§tement continu de carbure m6tallique dans 
lequel ie m6tal est choisi dans le groupe form£ par 25 
le titane, le hafnium, le zirconium, le tantale et des 
melanges de ceux-ci, et une matrice de carbure de 
silicium formge par infiltration de silicium fondu, les 
fibres de renfort 6tant des fibres choisies dans le 
groupe form6 par le carbone 61 6mentaire, le carbure 30 
de silicium et des melanges de ceux-ci. 

2. Composite selon la revendication 1, dans lequel le 
revfitement comprend, sur le revStement de carbure 
m6tallique, une seconde couche choisie dans le 35 
groupe form6 par les nitrures m6talliques, les siliciu- 

res mgtalliques, les carbures m6talliques et les dibo- 
rures m6talliques. 

3. Composite selon la revendication 2, dans lequel le 40 
revdtement comprend une troisteme couche de car- 
bone. 

4. Proc6d6 de production d'un composite renforc6 par 
des ftores, lesdites fibres 6tant choisies dans le 45 
groupe form6 par le carbone 6l6mentaire, le carbure 

de silicium et des melanges de ceux-ci, qui com- 
prend : 

le d6pdt sur les fibres d'un revStement continu so 
de carbure m&allique dans lequel le m6tal est 
choisi dans le groupe formS par le titane, le 
hafnium, le zirconium, le tantale et des m6lan- 
ges de ceux-ci, 

le melange d'un materiau carbon§ avec les ss 
fibres recouvertes de sorte que lesf ibres recou- 
vertes constituent au moins 5% en volume du 
melange, 



la transformation du melange en une gbauche 
ayant une porosit6 ouverte qui reprfeente 
d'environ 25% a environ 90% en volume de 
l'6bauche, 

- le chauffage de l'6bauche dans une atmosphere 
inerte ou sous vide partiel, et 

- linfiltration de silicium fondu dans l'6bauche 
chauffee pour produire un produit inf iltr6 ayant 
la composition du composite. 

Proc6d6 selon la revendication 4, dans lequel 
l'6tape de d6p6t comprend en outre le d6p£t, sur le 
rev§tement de carbure m6tallique, d'une seconde 
couche choisie dans le groupe form6 par le carbone, 
un m6tal qui r6agrt avec le silicium pour former un 
siliciure, un nitrure m6tallique, un siliciure m6talli- 
que, un carbure m6tallique et un diborure m6talli- 
que. 

Proc6d6 selon la revendication 5, dans lequel 
l'6tape de d6pCt comprend en outre le d&ptt d'une 
troisi&me couche de carbone sur les fibres recou- 
vertes. 



